1. Introduction {#sec1}
===============

Edible oil from plant origin has continued to receive attention due to their nutritional importance. In particular, oil and fat from plants contained higher contents of unsaturated fatty acids ([@bib27]). Mango kernels are conventionally disposed off as waste materials in many parts of the world with about one million tons of mango seeds are treated as wastes annually ([@bib19]). In addition to its high unsaturation level coupled with the presence of vitamins and bioactive compounds ([@bib19]), mango kernel seeds oil had been found to possess characteristics similar to cocoa butter in terms of its availability, cost-effectiveness and physicochemical nature ([@bib24]).

The Soxhlet extraction is a traditional technique for extracting lipids, and occurs between a solid phase and a liquid phase (solvent). The diffusion of the liquid phase within the solid phase resulted in the extraction of lipids into the liquid phase. Common solvents are petroleum ether, *n*-hexane, ethanol and acetone. Although ethanol has been found to be promising solvents for lipid extraction because it is cheap and can be produced from fermentation, oil yields and some economic aspects have favoured the selection of hexane which is an inflammable petroleum-derived solvent. However, some disadvantages of soxhlet extraction include toxicity and flammability of the solvents, environmental pollution, laborious and time-consuming procedures and non-selectivity of extraction (especially ethanol solvent) which has led to the use of supercritical fluid extraction techniques ([@bib23]).

Supercritical is the state above critical pressure and temperature ([@bib15]). At its supercritical (critical temperature 31.2 °C, critical pressure 7.4 MPa), carbon dioxide is compressible and possesses both gaseous and liquid properties with enhanced solvating power, hence, giving it an edge above conventional liquids ([@bib17]). Supercritical fluid extraction (SFE) using supercritical carbon dioxide as a solvent is gaining widespread acceptability as a viable and better alternative to organic solvent extraction technique as it may offer may offer an efficient and extraction process ([@bib15]). Faster extraction rate of SFE had also been reported ([@bib23]; [@bib21]). In addition, SFE has been adopted to mitigate the health, environmental and safety hazards associated with the use of conventional solvent extraction, as well as prevention of contamination of the final products by traces of used solvent ([@bib25]). In addition, supercritical carbon dioxide is most commonly employed SFE with carbon dioxide as solvent due to its unique properties such as non-flammability, non-toxicity, non-explosiveness, cost efficiency, higher extraction rate among others ([@bib23]).

Differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) are gaining analytical prominence for authenticating edible oils, hence, prevents adulteration. DSC is increasingly and widely used for thermoanalytical characterization of edible oils ([@bib12]; [@bib8]). It gives information about changes in enthalpy, melting and crystallization temperatures as well as the heat of fusion and crystallization ([@bib26]). Melting and crystallization behaviour of edible oils have been described as two important properties for authenticating originality of many food products ([@bib27]). Fourier-transform infrared (FTIR) technology is a quantitative quality control tool for the food industry ([@bib31]). It has been used to analyze the mineral structure and organic matrix composition including amide, amine, and carboxylic acid groups in the organic matrix of the whole nacreous layer of shells ([@bib7]). It has variously been used in the determination of ethanol contents in alcoholic drinks ([@bib16]), protein and fat content in raw meat ([@bib11]) and in the study of edible fats and oils ([@bib18]).

Gas chromatography -- mass spectrometry (GC-MS) identifies and quantifies compounds using both the retention times and the relative abundances of the characteristic fragment ions. It is a reliable analytical technique with high accuracy.

Olympus BX51 Trinocular Flouorescence microscope is a multispectral analytical system with a Pixlelteq Spectrocam Multispectral camera capable of high resolution images at eight different wavelengths. It includes a Sentech color camera for conventional color imaging, functioning both as a high end standard microscope with conventional color imaging, as well as multispectral imaging.

Several researches have been carried out, especially on the evaluation of the physicochemical characteristics of mango kernel seeds oil ([@bib2]; [@bib3]; [@bib20]; [@bib10]). This study was therefore aimed at characterizing mango kernel seed oil using DSC, FTIR, GC-MS and confocal microscope in order to identify its structural/molecular formula, evaluate its thermodynamic properties, establish its functional properties and microscopy. The use of conventional solvent extraction techniques was compared with supercritical fluid extraction technique.

The search for cocoa butter equivalent in food and pharmaceutical industries has revealed that mango butter is a viable alternative to cocoa butter. Mango butter emulsion gels had been found to have similar physical, thermal and mechanical properties as cocoa butter emulsion gel ([@bib24]). Therefore, this study into finding the best solvent vis-à-vis condition for mango kernel seeds oil yield will produce vital information on the best condition for mango kernel oil extraction. Characterization of the oil using GC-MS, FTIR and DSC will help to evaluate the solvent that will produce best quality mango kernel oil.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Mango kernel seeds were obtained from main market, Mysore, India. All reagents were of analytical grade. Hammer Mill (Model: CMC = CM- Q = 753 = 97, M = s Cadmach Machinery Company, Ahmedabad, India) and Soxhlet apparatus (6--250ML Soxlet Apparatus, Culture Instruments, Bengalore, India), laboratory sieve shaker (M = s Muhlenbau, Reinbek, Germany) were obtained from Department of Food Engineering, Central Food Technological Research Institute, Mysore, India. All instruments used were located at Central Instruments Facility and Service (CIFS) section, Central Food Technological Research Institute (CFTIR), Mysore, India.

2.2. Sample preparation {#sec2.2}
-----------------------

The mango seeds were dehulled and sundried to a moisture content of 8% (w/w). It was manually cut to an average size of 6.468 mm using knife, and later milled using an hammer mill to fine particles.

2.3. Oil extraction by soxhlet method {#sec2.3}
-------------------------------------

The effect of different solvents (*n*-hexane, petroleum ether, ethanol and acetone) and time (3, 4 and 5 h) were considered ([Table 1](#tbl1){ref-type="table"}). The mango kernel flour size used was 0.402 mm. The mass of mango kernel seeds flour in all cases were 5 g and the extraction temperatures were the boiling temperature of the solvents.Table 1Mango seed kernel oil yield using conventional solvents extraction.Table 1S/NSolventYield (%)3 h4 h5 h1Ethanol19.86^a^ ± 0.0518.42^b^ ± 0.0216.11^c^ ± 0.022Hexane9.85^a^ ± 0.059.15^b^ ± 0.059.12^b^ ± 0.083Acetone18.70^a^ ± 0.0518.40^b^ ± 0.1018.30^b^ ± 0.104Pet-Ether8.75^a^ ± 0.058.77^a^ ± 0.038.02^b^ ± 0.03[^1]

2.4. Supercritical CO~2~ extraction of mango kernel oil {#sec2.4}
-------------------------------------------------------

The instrument (pilot scale unit, NOVA Swiss WERKE AG, EX 1000--1.4-1.2 type, Switzerland model) consist basically the CO~2~ supply source, the compressors, the heaters, extractor and separator. The sample (200 g) was loaded in to an inserted vessel (1 L capacity) with sintered metal plate on both ends and then inserted extraction vessel. The extraction temperature was set at 60 °C while the separator temperature was set at 50 °C. Extraction was then carried out at two pressures (35 and 40 MPa) for both the extractor and the separator until oil extraction was complete. The yields at the two pressures were calculated. Extraction time was about 15 min, flow rate about 10 g/min, and negligible viscosities.

2.5. Fatty acid analysis {#sec2.5}
------------------------

The extracted lipids were esterified and the fatty acid methyl esters (FAME) analyzed using GC-MS (Perkin Elmer, Turbomass Gold, Mass spectrometer) equipped with FID using SPB-1 (poly (dimethysiloxane)) capillary column (30 m × 0.32 mm ID × 0.25 μm film thickness) obtained from CIFS-CFTRI, Mysore, India. The temperature programming is from 150 °C to 280 °C at 5 °C/min. FAMEs were identified by comparing their fragmentation pattern with authentic standards (Sigma) and with NIST 14 library ([@bib9]).

2.6. FTIR analysis {#sec2.6}
------------------

The extracted oil was characterized using Fourier Tranform-Infrared Spectrometer (Model IFS 25, Bruker, Germany). The spectral range was 4000--400 cm^2^ while the resolution was 2 cm^−1^ with high throughput Michelson interferometer controlled by He, Ne Laser. The detector was DTGS with KBr window.

2.7. Thermal profile {#sec2.7}
--------------------

The thermal profile of the oil were evaluated using DSC 8000 System (a double-furnace, Power compensation differential scanning calorimeter from M/S. Perkin Elmer) which directly measures the heat flow between two independent furnaces. A precise energy measurement over the temperature range from -40 °C to 70 °C was used.

2.8. Microscopy {#sec2.8}
---------------

Trinocular Flouorescence microscope (Olympus BX51 with Spectrocam model) configured for both transmission and EPI was used. A drop of extracted oil was placed on a clean slide and covered with a microscope slide. Resolutions were adjusted until clear images were obtained. The images were stored in laptop that was preloaded with the Pixelteq and Sentech image capture software.

2.9. Statistical analyses {#sec2.9}
-------------------------

The Data for the analysis was generated in triplicate and was subjected to one way Analysis of variance (ANOVA), SPSS 19.00 while means was separated using Turkey test at p \< 0. Data obtained was subjected to one way Analysis of variance (ANOVA), SPSS 19.00 while means was separated using Duncan multiple range test (DMRT) at p \< 0.05.

3. Results and discussion {#sec3}
=========================

3.1. Extracted mango seeds oil yield {#sec3.1}
------------------------------------

The results of the mango seeds oil yield as affected by solvent type and extraction time are presented in [Table 1](#tbl1){ref-type="table"}. The results indicated that ethanol and acetone had the highest oil yield. Further analyses using FTIR ([Figure 1](#fig1){ref-type="fig"}) and DSC ([Table 3](#tbl3){ref-type="table"}) revealed that the higher oil yield from acetone and ethanol might be due to impurities or some other compounds extracted with the oil. Hexane and pet-ether had golden yellow coloured oil. The oil yields for *n-*hexane and pet-ether were between 8.00 and 10.00%. Also, further analyses using FTIR ([Figure 1](#fig1){ref-type="fig"}) and DSC ([Table 3](#tbl3){ref-type="table"}) indicated that mango kernel seeds oil from *n-*hexane and pet-ether were of better quality. In addition, optimum yield was observed at 3 h of extraction. After 3 h, the oil yield began to reduce, as also reported by [@bib5].

For the supercritical CO~2~ oil extraction, an increase in the operating pressure from 35 to 40 MPa resulted in about 18% increase in mango kernel oil yield. However, the yields from supercritical CO~2~ extraction (2.5--3.5%) were lower than that of conventional solvent extraction techniques. A higher yield could be obtained when the pressure is increased; about 95% of the oil yield from *n-*hexane extraction had been reported by [@bib14] by using a pressure of 69 MPa for the extraction of soybean oil using supercritical CO~2~ extraction. In fact, [@bib13] reported that the solubility of the lipids in supercritical CO~2~ dramatically increased by using temperature and pressure exceeding 60 °C and 55 MPa, respectively, contrary to widely acceptable conditions of temperature and pressure lesser than 60 °C and 40 MPa.

Edible oil extracted using supercritical CO~2~ extraction had been found to be of better quality than hexane-extracted oil; SC-C0~2~ oil were found to have better odor and flavor after four days storage at 60 °C, eliminating degumming and its attendant oil losses without sacrificing oil quality associated with *n-*hexane oil extraction ([@bib14]).

Mango kernel oil yield had been reported to be rich in minerals, high unsaturated fatty acid and phenolic compounds ([@bib22]; [@bib20]), hence, the need for research into the extraction of mango kernel oil and more importantly, the necessity of obtaining high yields of mango kernel oil. [@bib22] reported that mango kernel seeds oil contained about 3.2% ash consist mainly calcium, potassium, magnesium and phosphorus. [@bib20] also reported that mango kernel seeds oil was rich in phenolic compounds and nutrients which made them suitable as ingredients for functional or enriched foods. The high unsaponifiable matter in mango kernel oil has also enhanced its use in cosmetic industry ([@bib22]).

3.2. GC-MS results {#sec3.2}
------------------

The results of the GC-MS are presented in [Table 2](#tbl2){ref-type="table"}. Oleic acid methyl ester, an unsaturated fatty acid, was the predominant fatty acid (44--45%) in the conventional solvent extracted oil with the exception of the oil obtained by using ethanol extraction. Oil extracted using conventional solvents had higher SFA than UFA with the exception of ethanol extracted oil. SC-CO~2~ oil also had higher SFA than UFA. [@bib22], and [@bib20] had also reported higher UFA in another species of mango kernel oil. The percentages unsaturation of *n-*hexane, petroleum ether, acetone, ethanol and SC-CO~2~ extracted oil in this study were 49.67, 48.85, 43.71, 44.34 and 37.588%, respectively, while percentages saturation were 48.44, 48.18, 51, 31.87 and 47.408, respectively. In addition to the nutritional benefits of edible oil with high UFA, vegetable oil with high UFA had also been useful in the production of biodiesel.Table 2GC-MC composition of mango kernel oil from different solvents.Table 2S/NCompound% Composition per solventHexanePet-etherAcetoneEthanol1Palmitic acid (C16:0)6.356.258.214.232Linolenic acid (C18:2)4.754.69-2.933Oleic acid (C18:1 *cis*)44.9344.0746.3432.654Stearic acid (C18:0)40.3840.2939.8328.595Arachidonic acid (C~21~H~42~O~2~)1.701.633.06-6*Trans*-9-elaidic acid (C20:0)\-\--8.137Ethyl stearic acid (C18:1 *trans*)\-\--7.058Others1.892.974.5516.419% saturation48.4448.1849.1139.8710% unsaturation49.6748.8546.3443.71

Ethanolic extracted oil had ethyl stearic acid (an ethyl ester) at 7.048%. It is a saturated fatty acid commonly found in animal and vegetable fats that is frequently used in cosmetics, candles, soaps, plastics, oil pastels, and for softening rubber. It is used as flavouring agent. In addition, ethanolic extraction had about 8.13% *trans*-9-elaidic. *Tran*s-9-elaidic has been found to be a major *trans*-fat found in hydrogenated vegetable oils and has been implicated in heart disease ([@bib28]).

3.3. Infrared spectrometry {#sec3.3}
--------------------------

The FTIR spectra for extracted mango kernel seeds oil are shown in [Figure 1](#fig1){ref-type="fig"}(a-e). Identification of functional groups and bands corresponding to various stretching and bending vibrations in edible oil samples have been carried out by using the mid-infrared regions (3000--1500 cm^−1^) of the FTIR spectra ([@bib29]). *N*-Hexane and pet-ether extracted mango kernel seed oil had very similar spectra ([Figure 1](#fig1){ref-type="fig"}b and d), and coincidentally, the same functional groups with strong and very strong intensities. The functional groups were CH~2~, CH~3~ and CO with wavenumbers 2921, 2852, 1744 and 2922, 2852, 1744 cm^−1^ for hexane and pet-ether extracted mango kernel seed oil respectively. The SC-CO~2~ extracted oil also had FTIR spectrum ([Figure 1](#fig1){ref-type="fig"}e) similar to hexane and pet-ether extracted oil ([Figure 2](#fig2){ref-type="fig"}e), and hence, the same functional groups. Acetone extracted mango kernel seed oil FTIR spectrum had minor difference from *n-*hexane and pet-ether spectra, but with the same functional groups CH~2~, CH~3~ and CO with wavenumbers 2922, 2853 and 1743 cm^−1^. An alkene (CH) with medium intensity was found in *n-*hexane, pet-ether and acetone extracted mango kernel seeds oil at wavenumbers 3005, 3005 and 3005 cm^−1^ respectively. On the other hand, ethanol extracted mango kernel seeds oil was almost completely dissimilar to those of *n-*hexane, pet-ether and acetone. The primary functional groups in ethanol extracted oil were OH and CH~2~ with wavenumbers 3317 and 2926 cm^−1^ respectively. This diverse behaviour of ethanol extracted mango kernel seeds oil was also observed in the result of GC-MS where ethanol extracted mango kernel oil had ethyl stearic acid (7.048%) and *trans*-9-elaidic acid (8.133%) identified with a resultant reduction in oleic and stearic acids.Figure 1FTIR spectra for (a) ethanol, (b) *n-*hexane, (c) acetone, (d) petroleum ether, and (e) SC-CO~2~ extracted mango kernel seed oil.Figure 1Figure 2Microscopic images (×100) of (a) acetone, (b) ethanol, (c) *n-*hexane, (d) petroleum ether, and (e) SC-CO~2~ extracted mango kernel seed oil.Figure 2

3.4. Thermal profile {#sec3.4}
--------------------

Melting and crystallization behaviour of edible oils and fats have been shown to be two of the important properties for functionality in many prepared food products ([@bib27]). The thermal profiles are presented in [Table 3](#tbl3){ref-type="table"}. Following the same pattern observed in FTIR, *n-*hexane and pet-ether extracted mango kernel seeds oil had similar thermal profile, closely followed by acetone extracted oil. Ethanol extracted oil also had very different thermal profile. The enthalpy for the melting (endothermic) reaction of all samples with the exception of ethanol extracted oil ranges from 40.32 J/g to 45.636 J/g, while the enthalpy for crystallization (exothermic) reaction for all sample (except ethanol extracted sample) ranges from -33.977 to -32.231 J/g. Endothermic parameters were highest for SC-CO~2~ extracted oil. This might not be unconnected to its saturation state at room temperature. Unlike oil extracted by conventional solvent extraction which were liquid at room temperature because they were primarily unsaturated, the SC-CO~2~ oil was solid at room temperature which is an indication that it would have higher melting points than oil obtained from conventional solvent extraction. The crystallization temperature for pet-ether extracted oil was 9.36 °C; hexane extracted oil was 9.10 °C, while acetone extracted oil was 7.29 °C. The onset and offset temperature (marking beginning of crystallization and end of melting respectively) were 10.44 & 17.70, 12.92 & 18.76, and 12.90 & 19.09 °C for acetone, *n-*hexane and petroleum ether extracted oils respectively. It will be observed that SC-CO~2~ had no crystallization parameter up to 40 °C when the oil was at solid state, hence, the non-appearance of exothermic reaction parameters. The extraction of the SC-CO~2~ oil using pressurized CO~2~ might be responsible for the behaviour of SC-CO~2~ oil. DSC shows purity of compounds through its precise melting and crystallization temperatures ([@bib30]). Melting temperature had been shown to be the most reliable indicator of thermostability; the higher the melting temperature, the higher the stability; therefore, SC-CO~2~ oil could be described as the most stable oil. On the other hand, the high melting temperature observed for ethanol extracted oil could be as a result of impurities which can be observed from two peaks reported for ethanol extracted. In addition to displaying polymorphism, ethanol extracted oil had broad melting points. A broad melting point at lower temperature is an indication of the presence of impure compounds.Table 3Thermal properties of mango kernel Oil Subjected to Different Solvent Extraction.Table 3EndothermicExothermicOnset (^o^ C)PT (^o^ C)ΔH (J/g)End (^o^ C)Onset (^o^ C)PT (^o^ C)ΔH (J/g)End (^o^ C)Acetone0.2213.3945.6317.7010.447.29-32.23-4.36Ethanol-2.367.342.7411.618.784.43-3.15-4.8332.0635.201.1637.98Hexane5.6715.1542.5318.7612.929.10-33.97-1.67Pet-ether5.2714.9144.5619.0912.909.36-33.050.25[^2]

3.5. Microscopy {#sec3.5}
---------------

The microscope images of the extracted oil using acetone (A), ethanol (E), *n*-hexane (H), pet-ether (P) and SC-CO~2~ are shown in [Figure 2 (a-e)](#fig2){ref-type="fig"}. SC-CO~2~ extracted oil had the highest concentration of oil droplets, followed by *n-*hexane oil, pet-ether extracted oil, and then ethanol and acetone extracted oil. This result verifies the earlier observation that the high oil yields obtained for ethanol and acetone contained some impurities like water and fibre. The SC-CO~2~ oil had the best quality judging from the clarity of the oil droplets. In addition, SC-CO~2~ had very tiny droplets which signified that the extracted oil had been reduced in size making SC-CO~2~ suitable in nanotechnology. SC-CO~2~ is one of the process utilized in the production of nanoparticles. The advantage of this is that the oil produced via SC-CO~2~ will be easily absorbed by the body. Oil extracted using conventional solvents were found to possess very large particles. Therefore, in addition to producing pure oil, SC-CO~2~ also produced oil that is easily absorbed by the body system. Nanoparticle production and utilization is a growing area of science and technology. SC-CO~2~ extraction will therefore play a vital role in its realization. Mango kernel oil had been reported to contain bioactive compounds; reduction to nanoparticles via SC-CO~2~ extraction will boost utilization of mango kernel oil using SFE technique.

4. Conclusions {#sec4}
==============

The characterization of mango kernel seeds oil revealed that it has higher unsaturated fatty acid consisting primarily oleic acid in most instances with the exception of the use of ethanol solvent and SC-CO~2~ techniques. The melting points, which is a parameter used to identify purity of compounds were also identified using DSC. The functional groups present were majorly CH~3~, CH~2~ and COH, while ethanol extraction had CH~2~ and OH; these will assist in authenticating mango kernel oil. Although SC-CO~2~ had lower yield, the microscopy analysis showed that it had greater oil concentration as well as oil that were very small (probably micro or nano) in size. This would give an edge to SC-CO~2~ extracted oil in terms of utilization. Ethanol may not be a good solvent for extracting oil from oil seeds because the characterization of ethanol extracted oil showed that it had extraneous compounds as indicated by the thermal profile, FTIR and microscopy.
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[^1]: Means of triplicate determinations ± standard deviation. Means with different superscripts on the same column are significantly different at p \< 0.05.

[^2]: ***NB:*** PT -- Peak temperature.
